Ascospores of Venturia inaequalis (Cooke) G. Wint., released from pseudothecia on overwintered infected leaves, have long been considered the main source of primary scab inoculum (8, 19) . However, studies from temperate regions with humid climate indicate that mild winters lead to rapid decomposition of leaves, diminishing the role of ascospores as primary inoculum (10, 16) . In such cases, primary infection could occur from other sources, such as diseased wood, shoots, or buds infected by scab conidia or mycelia (16) . Many older studies reported that conidia could overwinter as scab lesions of wood and young shoots (9) (10) (11) (12) 15, 16, 18, (25) (26) (27) 33, 37) . Some of these studies also warned that conidia could cause symptoms in early spring before the period of ascospore release and infection (10, 11, 16, 33) . Recent investigations demonstrated that scab conidia could overwinter mainly in two ways: on the tips of shoots (21, (29) (30) (31) and associated with bud tissues (4) (5) (6) . These studies demonstrated that overwintered conidia were viable on shoots or on the inner tissues of buds in early spring. These investigations also concluded that the overwintered conidia could be a primary inoculum source for infection at the earliest growth stage before ascospore infection. However, the exact role of overwintered conidia in initiating an early scab epidemic is poorly understood. Moreover, if there is a risk of early infections by overwintered conidia, then it is not clear what the relation is with subsequent attempts at scab control.
The objectives of this study were (i) to determine the number and the viability of overwintered conidia associated with shoots and buds in a diseased orchard, (ii) to distinguish the effect of overwintered conidia and ascospores on scab infection, and (iii) to evaluate the risk and the consequences of early scab infections by overwintered conidia.
MATERIALS AND METHODS
Experimental orchard. The study was conducted in an experimental orchard at Randwijk (The Netherlands) during the three consecutive years from 1999 to 2001. The experimental plot consisted of 32 rows, in which two rows of the apple cultivar Jonagold alternated with two rows of cv. Schone van Boskoop. The eighth tree in each row was a pollinator, cv. Delcorf. Cultivars were grown on M.9 rootstock and pruned as slender spindles. Trees were grown according to the Dutch organic guidelines derived from IFOAM standards (1) . The plot was flanked by high windbreaks on the west and the south sides. There were no bordering orchard plots on the remaining sides.
Autumn assessments and potential ascospore dose. Incidence and severity of leaf scab were determined after fruit harvest and before leaf fall in each year. Disease incidence was calculated as the percentage of leaves diseased. Leaf disease severity, a measure of the plant area affected by a disease, was calculated as described previously (17) .
The potential ascospore dose (PAD) was calculated according to Gadoury and MacHardy (13) . The mean number of scab lesions per leaf m 2 at leaf fall (lesion density = LD) was recorded at the end of October in 1998, 1999, and 2000. The proportion of the orchard floor covered by leaf litter at bud break (leaf litter density = LLD) was determined in 1999, 2000, and 2001. Observations were carried out in six replicates by examining 200 randomly chosen leaves per plot. Across the 3 years, the fertility index (estimated proportion of lesions that are fertile, f), pseudothecial density (mean number of mature pseudothecia per fertile lesion, PD unit), and ascal density (mean number of asci per pseudothecium, AD unit) ranged from 0.03 to 0.04, from 45 to 47, and from 122 to 125, respectively. PAD was calculated as the average of the experimental orchard plot.
Field experimental layout. In 1999, 2000, and 2001, the experimental orchard was divided into two areas in early spring at the dormant bud stage. In rows 11 to 32, the orchard soil was completely covered by 0.05-mm-thick plastic sheets secured to the ground with wire pins (Fig. 1) . This area was termed the plastic covered section. In rows 1 to 10, the soil surface with infected fallen leaves was left uncovered (Fig. 1) , providing a source of ascospores. In each year, further experimental treatments were applied to the plastic covered section be-Overwintering of conidia of Venturia inaequalis associated with shoots and buds was determined, and the contribution to early spring epidemics of apple scab was evaluated during three consecutive seasons (1999 to 2001) in the Netherlands. Examinations of shoot samples collected before bud break showed that the percentage of shoots with superficial black fungal mycelia or conidia was above 65%, and the mean number of conidia on a 1-cm piece of shoot length ranged from 581 to 1,033. However, germination tests showed that the viability of conidia on shoots was less than 1.5%. No macroscopic scab lesions were detected on the scales of dormant buds. However, microscopic examinations of individual bud tissues demonstrated that the number of conidia was >3,000 per 100 buds in each year. The mean viability of conidia associated with buds ranged from 0.7 to 1.9% and from 3.7 to 10.5% for the outer and inner bud tissues, respectively. Results of field assessments at tight-cluster phenological stage showed that the percentage of infection caused by the viable overwintered conidia ranged from 0.3 to 3.8% in the various treatments. Our results indicated that conidia were unlikely to overwinter on the surface of shoots or outer bud tissues, where they were exposed to fluctuating environmental conditions, and, consequently, were unlikely to play a role in initiating an early epidemic of apple scab in the spring. However, our results indicated a risk from overwintered conidia in the inner bud tissues arising from a high level of scab the previous autumn. Therefore, orchards with high levels of apple scab, where ascosporic inoculum is much reduced, e.g., by sanitation, should be protected in early spring by means of fungicide treatment at green tip.
Additional keywords: epidemiology, scab control fore bud break of cv. Jonagold (Fig. 1) . Bud break of cv. Jonagold was not earlier than that of other cultivars.
Fungicide experiment. To reduce the number and amount of overwintered conidia and superficial mycelia on shoots and buds, fungicide treatments were applied before bud break. Within each fungicide treatment, further treatments were applied as described below. Fungicide treatments were made in a completely randomized design with two treatments each replicated four times (Fig. 1 Pruning and plastic bag experiments. Within fungicide treatment 2, a pruning experiment was also prepared with five replicates for each fungicide-treated plot (Fig. 1) . Each pruning replicate consisted of nine trees. We assumed from previous observations that most overwintered conidia (about 70 to 80%) would be present in the distal one-third of all shoots on the tree (I. J. Holb and B. Heijne, unpublished data). Therefore, the upper third of all shoots was pruned in each of the nine trees and removed from the experimental field immediately before fungicide application.
Within fungicide treatment 1 (untreated), a plastic bag experiment was also prepared with five replicates for each treatment (Fig. 1) . Each replicate consisted of eight trees. Four branches of each cv. Jonagold tree were covered with plastic bags. Selected branches with at least 40 buds were covered with clear plastic bags of 40-liter capacity before bud break to reduce as much as possible the opportunity for ascospore infection. Two of four branches were sprayed with distilled water (distilled water treated bags) and the remaining two with conidial suspension of ca. 150 × 10 3 conidia per ml (artificially treated bags) at bud break, green tip, and early tight cluster phenological stages. Inoculations were made through a small hole on the plastic bag, which was closed immediately after inoculation. Following Mills and LaPlante (28) , given the quite low temperatures in springtime, conditions inside the bags were kept at 100% relative humidity for 48 h after each inoculation date in order to ensure infection by conidia. Plastic bags were firmly secured with ca. 200 ml of water kept in the bottom of the bags. Temperature inside the plastic bags was checked on the warmest days and never exceeded 30°C. After 3-week incubation periods, scab symptoms on leaves of each leaf cluster were checked each day in all plastic bags. All plastic bags were put on the branches before bud break and removed after a 2-week incubation period from the last inoculation date.
Checking airborne ascospores in the plastic covered section. Two Burkard 7-day recording volumetric spore traps (Burkard Manufacturing Co. Ltd., Rickmansworth Hertfordshire, England) were operated continuously with the orifice 0.8 m above ground level from mid-March until the end of April in each year (Fig. 1) . The first spore trap was placed in the middle of the row located 21 m from the border of the source of ascosporic inoculum, and the other was located 45 m from the border of the source. The spore traps' inlet orifices were directed toward the source. In all years, spore traps were operated at a flow rate of 10 liters/min. Trapping methods and counting were done as described by Aylor (2) .
Sampling shoots and buds for lab examinations. Shoots and dormant flower buds were collected at the end of February in each year and examined for overwintering conidia. Four replicate samples of 50 15-cm-long shoots, and of 200 flower buds excised approximately 2 mm below the bud scales, were taken for each fungicide treatment.
Laboratory examination for number and viability of overwintered conidia on shoots. First, the percentage of shoots with characteristic superficial black mycelia or conidia was calculated from observations on every shoot. Then, each 15-cm-long shoot segment was cut into 1-cm pieces, labeled, and separately examined. They were placed in a tube with 5 ml of sterilized rainwater collected on rainy days in an iron bucket placed near the laboratory building. Rainwater was sterilized in a Vernitron 2000M steam sterilizer (Alfa Medical Co., Hempstead, NY) at 180°C for 1 h. Then, samples were incubated at 20°C for 1 h, submerged in the water bath of an ultrasonic cleaner (Bransonic Cleaning Equipment Co., Shelton, CT), and sonicated for 10 min. Shoot pieces were removed, and 2 ml of the remained suspension in each tube was centrifuged on an Eppendorf 5414 microcentrifuge (Brinkmann Instrument Inc., Westbury, CT) at 10,000 rpm for 7 min. The pellets were resuspended in 200 µl of rainwater by stirring on a vortex shaker. Two 100-µl droplets of suspension per 1-cm shoot segment were placed on microslides and incubated in a moist chamber at 20°C for 48 h. The number of conidia per drop and the number of germinated conidia were recorded.
Laboratory examination for number and viability of overwintered conidia associated with buds. Every bud sample was labeled and separately examined. Half of the bud samples were examined by the modified Becker method (4) and the other half by the "bud-pressing" method.
In the modified Becker method, bud samples were dissected by removing the outer bud scales and then the inner tissues. Each dissected part was examined by stereo microscope to detect macroscopic lesions on the bud scales. Outer bud scales and inner tissues were then placed separately into plastic bags with 6 ml of rainwater, immersed in the water bath, and sonicated for 10 min. Suspensions were then filtered through a double layer of cheesecloth into beakers, 2 ml of the suspension was placed in each of three Eppendorf microcentrifuge tubes and centrifuged at 10,000 rpm for 7 min. The supernatant was discarded, and the pellets were resuspended in 100 µl of rainwater by stirring on a vortex shaker. Each 100-µl suspension was placed on microslides and incubated in a moist chamber at 20°C for 48 h. The number of conidia per drop (three droplets per outer or inner bud tissues) and the number of germinated conidia were recorded.
In the bud-pressing method, each bud was pressed gently by hand 30 times into a 100-µl droplet of rainwater on microslides. The procedure was repeated for a second and a third droplet, but with greater force. The bud was not smashed, only wetted in the first droplet; therefore, it represented mainly conidia on the outer bud tissues. The bud was smashed with five stronger pressings to the object glass using a glass rod in the second and third droplets; therefore, these represented mainly conidia on the inner bud tissues. Droplets were covered by cover glasses and incubated in a moist chamber at 20°C and 100% relative humidity for 48 h. The number of conidia per bud and the number of germinated (viable) conidia were recorded.
Field assessment in spring. Of the 100 leaf clusters assessed, the number of infected clusters was counted for each treatment replicate when the first symptoms appeared on cv. Jonagold. Disease assessments were made on 1 May, 8 May, and 5 May in 1999, 2000, and 2001, respectively. One hundred leaf clusters were used for scab symptom assessments on the middle tree of each replicate plot of the pruning treatment. The assessed trees were 9, 21, 33, 45, and 57 m from the border of the source of inoculum (rows 1 to 10). In the
Statistical analyses. All data were subjected to analysis of variance (ANOVA) using Genstat 5 (Numerical Algorithms Group Ltd., Oxford). The effects of year, method (modified Becker or bud pressing), position (conidia on outer or inner bud tissue), and their interactions on the number and viability of conidia associated with buds were determined.
In the spring assessments, the number of infected clusters for each fungicide and pruning treatment replicate was averaged. The number of infected clusters was plotted against distance from the source of inoculum for the fungicide and pruning treatments. Linear, exponential, power, logarithmic, and logistic functions (7) were fitted by maximum-likelihood through iterative nonlinear searching using the Genstat, Fitcurve directive, and tested for goodness-of-fit.
RESULTS
Autumn assessments and PAD. Mean incidence and severity of leaf scab after fruit harvest and PAD increased over the 3 years, and it was significant at P = 0.05 in 2001 compared with 1999 or 2000 ( Table  1 ). The mean disease incidence and severity were >90% and >20%, respectively, in each year. The mean estimates of potential ascospore dose increased from about 400 to 700 × 10 3 ascospores per m 2 of orchard floor at the beginning of each year (Table  1) . PAD measurements suggested that heavy ascospore populations were to be expected from the infected, fallen leaves each spring.
Number and viability of overwintered conidia associated with shoots and buds. Visual examination of the collected shoots showed that the percentage with superficial scab was >65% in each year (Table 2) . Microscopic examination showed that the mean number of conidia on a 1-cm piece of shoot surface ranged from 581 to 1,033. However, germination tests showed that the viability of conidia on shoots was less than 1.5%.
No scab lesions were detected on the bud scales. However, microscopic examination detected large numbers of conidia associated with buds (Table 2) . In some cases, the total number of conidia reached almost 5,000 per 100 buds, with 60 to 85% of the total number of conidia found on the outer bud tissues in each year compared with the inner bud tissues ( Table 2) . The difference in numbers of conidia on the outer versus inner bud tissues was significant at P ≤ 0.001 (Table 3) . However, mean viability of conidia associated with buds was greater on the inner bud tissues (Table 2) , ranging from 0.7 to 1.9% for the outer and from 3.7 to 10.5% for the inner bud tissues. The difference in viability was significant at P ≤ 0.001 (Table 3) . The modified Becker and bud-pressing methods gave similar numbers of conidia on both outer and inner bud surfaces (Table 2). In some cases, bud pressing resulted in higher mean numbers of conidia on the outer bud tissues, but overall, evaluation method had no significant effect either on the total number of conidia or on the number of viable conidia associated with buds (Table 3) . Interactions between main factors were not significant at P = 0.05.
Spring aerial ascospore concentration in the plastic covered section. Data collected by the two spore traps situated at 21 and 45 m from the source of inoculum showed a distinct decrease with distance of the aerial concentration of ascospores in each year (Table 4 ). The airborne ascospore concentration decreased by at least one-tenth at 45 m compared with concentrations at 21 m from the source of inoculum. Often, no ascospores were detectable at 45 m from the source.
Fungicide and pruning treatments in spring. The number of infected clusters decreased with distance from the source of inoculum for all treatments in each year (Fig. 2 ). Of the functions tested, number of infected clusters as a function of logarithmic distance provided the best fit to the data of the treatments in all cases. The level of infection decreased in the order of untreated, fungicide treated, and fungicide treated with pruning. Nonlinear regression analyses indicated that the curves for the untreated and fungicide with pruning treatments differed significantly at P ≤ 0.05 within the different years (statistical data not shown). However, the difference in response between the untreated and fungicide with pruning treatments was similar across years (Fig. 2) . These differences represented the percentage of infection caused by overwintered conidia, which we estimated to range from 1.4 to 3.8%.
Plastic bag treatments in spring. No symptoms were found either in the artificially inoculated or distilled water treated bags at the inoculation date corresponding to the bud break phenological stage. Infection was low in the inoculated or distilled water treated bags at the inoculation dates of green tip and early tight cluster. For both inoculation dates, shoots in inoculated bags had 5 to 20% of the leaf clusters within the bag infected (data not shown), which confirmed that conditions were sufficient for infection to occur in the plastic bags. For distilled water bags treated at green tip, symptoms were detected on shoots in the bags after a 3-week incubation period. However, the mean number of infected clusters was low, ranging from 0.3 to 0.8 per 100 leaf clusters. No symptoms were found at the inoculation date of early tight cluster in the distilled water treated plastic bags after a 3-week incubation period. The two treatments differed significantly at the green tip and early tight cluster inoculation dates (P = 0.022 and P ≤ 0.001, respectively).
DISCUSSION
Three main sources of conidial inoculum may be responsible for early spring scab infections: diseased wood, shoots, and buds. Scab lesions were not detected on wood of apple trees in the orchard in the spring. It is likely that Dutch climate is not favorable for the overwintering of scab lesions on wood. However, in this study, many shoots with superficial black mycelia or conidia were found in early spring (Table 2). Results of microscopic examinations demonstrated that large numbers of Spilocaea pomi conidia were detected on the surface of shoots in all years (Table 2) . However, the viability of conidia on shoots was less than 1.5%. These results were in agreement with studies in New York State (4,6) that reported that few or no conidia survived on the exposed surface of shoots. However, in the Lake Constance region of Germany, it was found that the germination rate of conidia on shoots with superficial scab was generally 12% on susceptible apple cultivars (20, (29) (30) (31) . The differences found in these studies may be due to different inoculum levels and/or environmental conditions in the orchards, as yet unknown.
Large numbers of conidia were found on the outer surface of buds (Table 2 ), but viability was less than 2%, similar to the viability on shoots. In the past, Louw (23) detected nonviable conidia on the surface of the overwintered buds in South Africa. Becker (4) and Becker et al. (6) also found that few or no conidia of apple scab overwintered on the outer surface of dormant buds. The results from this study and the others cited suggest that conidia are unlikely to overwinter on the surface of apple tissues (shoots or outer bud tissues), where they are exposed to fluctuating environmental conditions, and consequently are unable to play a role in the early epidemic of apple scab.
The mean number of conidia on inner bud tissues was half to one-third that on outer bud tissues (Table 2) . However, the viability of conidia on the inner bud tissues was 3 to 10 times higher in early spring than viability on the outer bud tissues. In the past, Bagenal et al. (3), Salmon and Ware (33) , and Jeffrey (18) found viable conidia inside dormant buds which could infect bud scales. Becker (4) and Becker et al. (6) also found conidia in dormant buds but with viability higher than our results. Moreover, all these studies found bud scales with macroscopic scab lesions. We did not detect macroscopic scab lesions in our bud samples, although large numbers of conidia were found by microscopic examination. Possible explanations in our case are that conidia simply had not infected bud tissues in the previous season, or that they might have infected the inner bud tissues and caused microscopic lesions but the conditions were not sufficient at certain periods for producing macroscopically visible lesions. However, our data in combination with those other reports indicate that conidia are likely to overwinter and remain viable mainly under the shielding provided by the inner bud tissues.
In our study, results of the plastic bag treatments suggest that the overwintered conidia infected young green tissues, probably from the inner tissues of the buds, as also supposed by Becker (4) and Becker et al. (6) . However, the lesioncausing efficiency in the plastic bags was low (<1%). In contrast, the percentage of infection by overwintered conidia was >3% in some cases in the fungicide and pruning treatments. This implies that conditions might not be optimal in the plastic bag for infection by overwintered conidia.
It is possible that fungicide residues following the pre-bud burst application could have been transferred to leaves and reduced ascospore viability during infection periods, affecting the percent mortality of ascospores. We did not make direct residue measurements, but we think the chance for this was quite low. First, there was a one and a half month interval between the fungicide application and the first infection (3 weeks before the first assessment date). Second, recent studies showed that residues of pyrimethanil on tomato leaves and fruits declined by half within 4 and 6 days and reached the minimal detection level in the first 10 and 14 days, probably due to photodegradation of the fungicide (14, 32) .
Results of the plastic bag treatment showed that possible infections by overwintered conidia could start at the green tip phenological stage. Kennel (21) demonstrated that the first green parts exposed in spring were sepals; therefore, they could be infected first. Sepals are a very important infection source for young fruits and could provide significant inoculum for secondary infections. Becker et al. (6) showed that sepals could be infected by overwintered conidia as early as green tip. Therefore, if large numbers of overwintered conidia associated with buds occur in an apple orchard, it is important to prevent early infection. Recent scab warning systems in most European countries recommend an application of protectant fungicide spray against apple scab before bud break. This fungicide spray is applied for treating the superficial scab on shoots (20, 30, 31) , shoot basal scab (22) , and other conidial sources on the surface of tree tissues (10, 16, 34) . Our findings indicate that sprays in spring, before bud break, may not be effective under Dutch conditions because wood scab is not common in the Dutch provinces and viability of overwintered conidia on the surface of apple tissues was low. If conidia overwinter within the inner tissues of buds, then a protectant spray before bud break would not kill overwintered conidia because they are protected by bud scales. A better strategy would be to prevent overwintered conidial infection directly after bud break by a fungicide spray at green tip. However, the risk of overwintered conidial infection is likely to be high in highly diseased orchards with susceptible varieties, as was the case in our studies. In many cases, conditions that favor conidial overwintering will also favor ascosporic inoculum. However, in mild winters, leaf decomposition can be rapid and thus PAD is naturally reduced, whereas bud survival of conidia may not be affected. Several studies have aimed to eliminate ascosporic inoculum by sanitation treatments (24, 35, 36) . Such treatments can include shredding, urea fertilization, flaming, removal of leaves, or some combination of these strategies, aimed at destroying the overwintering pseudothecia. In such a situation, conidial inoculum overwintering within buds might assume a greater importance than ascospores. Therefore, in these orchards, control measures aimed at conidia will probably be needed, but it seems that growers have to know before bud break the number and viability of overwintered conidia in their orchards. This study used two methods to examine the number and viability of overwintering conidia. Both evaluation methods were reliable and the results of the methods comparable. The bud-pressing method is simpler and quicker, although still laborious, and therefore we recommend it to plant protection advisers for detecting the overwintered conidia before bud break.
In conclusion, there is a risk of early scab epidemics initiated by overwintered conidia in orchards where there has been a high incidence of apple scab. However, the risk might be negligible in well-managed commercial orchards where there has been a low incidence of scab the preceding growing season. Results of investigations into the relative significance of overwintered conidia in commercial apple orchards in the Netherlands with various incidences of scab will be reported elsewhere (I. J. Holb, B. Heijne, and M. J. Jeger, unpublished).
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